Abstract. The degradation behaviors of nitrile rubber O-rings immersed in hydraulic oil were investigated by adopting the artificial accelerated aging test. The chemical structures and mechanical properties of the aged samples under different conditions were evaluated by measuring the attenuated total reflection Fourier transform infrared (ATR-FTIR) spectroscopy, crosslinking density, weight loss, mechanical properties and fracture morphology. The ATR-FTIR results indicate that the amide groups and the hydroxyl groups were formed in the surface of the aged samples. The changes in the crosslinking density of the samples attributed to the competition between crosslinking and chain scission. The mechanical test results show that the tensile strength of samples immersion in oil changed remarkably for the different temperatures. In addition, the fracture morphology results demonstrate that the formation of the defects also led to the decrease in properties of the aged samples.
Introduction
Hydrogenated Nitrile rubber(NBR) are well known for their wear resistance, oil resistance and good impermeability, and have been widely used as seals, O-rings and gaskets in the sealing field of oil and gas especially in hydraulic system. However, due to the existence of unsaturated bonds and volatile components in the NBR, the severe environmental factors such as oxygen, radiation, high temperature, aggressive media and mechanical stress can accelerate the aging process of the seals, and cause the degradation in hardness, mechanical properties, molecular structure and components [1] [2] [3] . Eventually, the seals lose the ability to flexibility and resilience, resulting in the failure of sealing systems due to the leakage of gas or liquid [7, 8] .
The aging of NBR materials in oil mainly occur through the follow processes: the extraction of soluble components (e.g., plasticizers and antioxidant); the reactions of unsaturated bonds; thermal oxidative aging reactions [6] [7] [8] [9] . In addition, the loss of additives weakens the antioxidant ability of NBR leading to the further degradation, and causes the worse compatibility between the matrix and additives [10] . The crosslinking and chain scission make the network structure denser, and restrict the movement of molecular chains [11] . Besides, the oil type has a direct influence on oil resistance of the seal [12, 13] . In spite of these significant efforts, there are relatively less literatures focused on the degradation behaviors and mechanisms of the NBR O-rings in hydraulic oil.
The objective of this study is to investigate degradation of NBR O-rings immersed in hydraulic oil at elevated temperatures (70℃, 90℃, 110℃) by the systematic accelerated thermal aging tests. Subsequently, the changes in chemical structures of the aged samples were studied by Attenuated Total Reflection-Fourier Transform Infrared Spectroscopy (ATR-FTIR) and solvent swelling test. The physical and mechanical properties of the aged samples were also assessed by weight loss, mechanical property and fracture morphology analysis. By comparing and analyzing the changes in physical properties, mechanical properties and molecular network structural evolution of the samples aged in oil, we concluded how the hydraulic oil and temperature affected the degradation behaviors and mechanisms of the seals during the thermal aging process.
Experimental

Material and Hydraulic Oil
Vulcanized NBR O-rings with 35% acrylonitrile content were provided by Changsha 5712 Aircraft Industry Corporation, Ltd, China. This material was compounded of nitrile rubber, zinc oxide, stearic acid, sulfur, carbon black and additives, using a two-roll mill at a constant temperature of 151℃ and pressure of 60 to 120 kg/cm 2 for 40min. The materials were processed into O-ring, which was Φ17mm x 6mm (inner diameter x cross section diameter).
The hydraulic oil is 46# aviation hydraulic oil, which was supplied by Great Wall Lube Oil, China. The density of the hydraulic oil is 0.862 kg/L at 25℃. The kinematic viscosity is 38.12 mm 2 /s at 50℃. The flash temperature is 165℃. And the acid value is 0.78 mg KOH/g.
Aging Methods
The accelerated aging test was performed in the air-circulating ovens. The immersion tests were carried out to simulate the hydraulic oil environment of O-rings in electro-hydraulic servo. The test temperature was selected at 70℃、90℃ and 110℃ (for 2, 4, 8, 16, 32 and 64d) controlled by the air-circulating ovens.
Characterization Methods
Weight loss of the aging sample was measured by getting the average of the four parallel samples with electronic balance which has a resolution of 0.001g. Mechanical properties of the aging samples were estimated by tensile tests. The tensile samples were tested according to GB/T 5720:1993 (China) using CMT5504 electronic testing machine at a strain rate of 50mm/min. The tensile fracture morphology changes of the samples aged before and after exposure to different conditions were analyzed by using scanning electron microscopy (SEM, JSM-6480). Attenuated total reflectionFourier transform infrared (ATR-FTIR, Thermo Nicolet 6700) spectroscopy was applied to study the changes of the chemical structure of the seals surfaces. The range of spectra is 400-4000 cm -1 with the resolution of 4 cm -1
.To evaluate the change of rubber network structure, the equilibrium swelling behaviors of the aged samples were studied by conducting the swelling tests. And the tests were carried out in acetone at 23℃for 96h. The Florye-Rehner equation was applied to calculate the crosslinking density of the three-dimensional network [7] . corresponded to C=O stretching vibration, C=C stretching vibration and additives such as curing package,18 respectively. The -CH2-deformation vibration was the peak at 1430 cm -1 . The peak at 962 cm -1 was attributed to the deformation vibration of the trans-1, 4-structure in butadiene unit. In addition, the new peak at 3394 cm -1 was mostly attributed to N-H stretching vibration and hydroxyl groups. Meanwhile, the appearances of new peaks at 3185 cm-1, 1651 cm-1, 1627 cm -1 and 1418 cm -1 were assigned to N-H stretching vibration, C=O stretching vibration, N-H deformation vibration and the C-N stretching vibration, respectively [12] .
Results and Discussion
ATR-FTIR Analysis
It can be seen from in intensity was mainly due to the loss of paraffin [14, 15] . The changes at 1733 cm -1 were probably because of the loss of additives or the consumption of carbonyl groups. Furthermore, the appearance of the new peak at 3394 cm -1 and the decrease of the peak intensity at 962 cm implied the presence of R-CO-NH2 which indicated the change in the nitrile group [3, 12, 13] . The changes in crosslinking density of the samples aged in oil at different temperatures are shown in Fig.2 . At 70℃, the crosslinking density of the samples immersion in oil increased slightly with the aging times going on. With increasing aging times, the crosslinking density of the samples aged in oil increased continuously. In addition, at 110℃, the crosslinking density of the samples immersion in oil increased significantly at an earlier stage, and then decreased slightly and kept stable after 16 days, respectively.
The Changes in Crosslinking Density
Previous studies have proved that crosslinking and chain scission reactions occurred simultaneously during the thermal aging process [11] . The changes of crosslinking density were regarded as the result of the competition between the two. If the influence of crosslinking predominated, the crosslinking density would increase, otherwise decrease, which could explain the changes in crosslinking density of samples in oil at different temperatures in this study. The analysis results demonstrated that the crosslinking play a mainly role at lower temperatures (70℃and 90℃), resulting in the increase of crosslinking density, whereas at higher temperature (110℃), the crosslinking predominated at the early stage leading to the rapider increase of crosslinking density, and then the chain scission took over gradually after the crosslinking density reached the maximum after 16 days. These results indicated that the hydraulic oil and the temperature played a main role in the crosslinking density of the samples during the aging process. Figure 3 . Weight loss of the samples before and after aging at different temperatures. Fig.3 shows the weight loss of the samples immersed in oil at different temperatures. The changes in weight of samples immersion in oil showed similar trends at three temperature levels. The weight of samples immersed in oil decreased sharply in the first 4 days, and then increased slowly. Moreover, for the samples in oil after 4 days, the higher the temperature, the more the weight gain. Previous studies have demonstrated that the swelling, solvent extraction and degradation would occur when the elastomers were immersed in oil at high temperature [10, 13] . Moreover, the swelling and solvent extraction had effects on the degradation [16] . The swelling caused the expansion of the network structure and weakened the intermolecular forces leading to the poor compatibility between the additives and polymer matrix, and then the soluble components (such as plasticizers and stabilizers) of the elastomers would dissolve in oil and be extracted. Thus, the solvent extraction caused an initially rapid reduction in weight of the samples after immersion in oil. However, the migration of additives in oil led to the rapid decrease in the thermal stability and antioxidant performance resulting in the acceleration of the oxidation reactions. These results indicated that the oil had a more significant impact on weight changes vis-a-vis temperature. The changes in tensile strength of the samples immersed in oil and exposed to air at different temperatures are shown in Fig.4 . It was shown from Fig.4 that the tensile strength of the samples decreased slightly in the first days, then remained steady at 70℃. At 90℃, the tensile strength showed a slight increase and then decreased continually after reaching a maximum value. Meanwhile, with the aging time increasing, the tensile strength decreased rapidly at 110℃, and a declining by 86% after 32 days. Some studies have confirmed that the tensile strength showed significant associations with the crosslinking density and the distribution and migration of filler [6, 9] . This was mainly because the tensile process of samples was a large deformation process. The critical stress of the tensile fracture depended on the number of effective network chains in the force orientation. The moderation crosslinking of vulcanized rubber restricted the relative sliding of molecule chains, which contributed to the transference and dispersal of the force, leading to the increase of the tensile strength. However, for the higher crosslinking density, the average relative molecular mass of the network chains would decline. It had more difficulty in the orientation of network chains due to the constraint of the crosslinking points, which were not beneficial for the dispersion of stress, and then resulted in the decrease of the tensile strength. Besides, at the early stage, the decrease of the tensile strength might partly attribute to the loss or migration of the fillers such as carbon black which significantly improved the mechanical properties of the rubber. The chain scission reactions played the dominant role in the changes of the tensile strength at the later stage.
Mass Changes
Changes in Mechanical Properties
Fracture Morphology (SEM) Figure 5 . SEM of the tensile fracture surface of the seals before and after aging in oil at 110°C: (a) unaged, (b) the central region after 64 days of immersion, (c) the edge region after 64 days of immersion.
In order to further find out what caused the failure of rubber seals, the representative fracture morphology of samples before and after aging in oil at 110°C was evaluated by SEM as shown in Figs.5. We observed that the additives uniformly distributed in the matrix and no obvious defects occurred( Fig.5 (a) ). Fig.5 (b) and Fig.5 (c) indicated that the more defects (such as, voids, secondary cracks and particle agglomerates) were formed leading to appear stress concentration. The changes were mainly because the migration of additives, swelling, crosslinking and chain scission occurred, which resulted in the deformation of the network structure and the rearrangement of molecular chains [12, 17] . The physical and chemical changes resulted in the additives breakout from matrix and the non-uniform distribution of density leading to the formation of voids and agglomerates [7, 17] . Meanwhile, at the edge of the fracture surface immersed in oil, we observed a hardened brittle outer layer, and the layer had the expansion trend from the edge to the core of the samples which implied the aging of the samples gradually conducted from the surface to the internal structure.
Conclusions
The degradation behaviors and mechanisms of nitrile rubber O-rings immersed in hydraulic oil were investigated by the systematic accelerated thermal aging tests. We concluded that the amide groups and the hydroxyl groups were formed during the aging process. The crosslinking dominated at 70°C, 90°C and during the initial stage at 110°C. The oil had a more significant effect on weight changes compared to temperature. Additionally, the changes in the tensile strength of the samples had great differences at different temperatures. The fracture morphology show that the thicker oxide layer, voids, agglomerates and cracks were formed on the fracture surface of samples immersed in oil.
